This study introduces to archaeology a new experimental technique for examining the relationship between stone tool-making and brain function. The principal focus of this exploratory study was the development of effective methods for the identification and examination of the regions of the modern human brain recruited during the manufacture of simple (Oldowan or Mode I) stone tools. The functional brain imaging technique employed, Positron Emission Tomography (PET), examines task-related brain activity by assessing changes in regional cerebral blood flow during specific tasks. The single-subject study reported here represents a heuristic, initial exploration of this subject. Results indicate that during stone tool-making there was heavy activation of cortical and subcortical regions of the brain associated with motor and somatosensory processing. Especially interesting was the high degree of activation in areas known to be involved with complex spatial cognition requiring integration of diverse sensory inputs (e.g. vision, touch, and proprioception, or sense of body position and motion). Expansion of such higher-order association areas has been particularly important during the course of human evolution. This single-subject pilot study demonstrates the application of the PET brain imaging technique to the study of early stone technologies and suggests hypotheses to be tested in more comprehensive studies in the future.
Introduction

S
ince the time of Darwin, there has been a general appreciation of the possible role of tools and technology in the course of human evolution. In recent years, there has been a great deal of discussion and debate on the possible relationship between tools and the evolution of the hominid brain (e.g. Washburn, 1960; Parker & Gibson, 1979; Holloway, 1981; Gowlett, 1984; Toth, 1985; Isaac, 1986; Dibble, 1989; Eccles, 1989; Marshack, 1989; Wynn, 1989; Calvin, 1990; Gibson, 1990; Corballis, 1991; Greenfield, 1991; Tobias, 1991; Falk, 1992; McGrew, 1992; Gibson & Ingold, 1993; Toth & Schick, 1993; Wynn, 1993; Savage-Rumbaugh & Lewin, 1994; Westergaard, 1995; Mithen, 1996; Noble & Davidson, 1996; Deacon, 1997) . Among major issues that have emerged are questions regarding the cognitive complexity required for the production of early stone tools and the adaptive significance of technology in brain evolution. In order to address these questions, it is important to know which areas of the brain are involved in tasks related to tool-making. The current study addresses this question using imaging techniques developed during the early 1980s in the experimental neurosciences.
These advances in neurology and radiology have enabled researchers to directly examine the patterns of brain activity associated with specific tasks. In particular, the technique of Positron Emission Tomography (PET) allows researchers to examine increased blood flow to areas of the brain involved in particular tasks, producing a three-dimensional image of areas of heightened brain activity during the execution of these tasks.
Positron Emission Tomography involves injecting a radioactive isotope (in this study, 15 O) ''tracer'' into a subject's blood system. The technique relies upon the fact that blood flow is greater to areas of increased neuronal activity. This results in greater tracer accumulation in these areas. Detection and quantification of the distribution of tracer in the brain is allowed by the fact that each decaying 15 O nucleus emits an antimatter particle (a positron) that rapidly collides with a nearby electron. The ensuing annihilation produces two gamma rays that travel in opposite directions from the point of collision and are detected by a circular array of sensors. Data from these sensors are then used to reconstruct points of origin within the brain. These data provide an indication of the location and intensity of activation throughout the brain during the activity under investigation.
Historical Background to the Study
In 1990, two of the authors (NT and KS) suggested employing PET as a means of examining brain activity during stone tool-making (Toth & Schick, 1993) . For the next several years, experts in this field were consulted, including Dr Marcus Raichle of the Radiology Department, School of Medicine at Washington University, and a research methodology to approach the question of stone-tool manufacture and brain activity began to develop. In 1995 GH, Director of the Division of Imaging Science, Department of Radiology, School of Medicine at Indiana University, Indianapolis, agreed to collaborate with the authors and generously made the facilities available for this pilot study. Two more of the authors (JS and DS) joined the project in 1996 and agreed to analyse and interpret the data from the PET and MRI study. This pilot study was initiated in February 1997 at the Indiana University School of Medicine.
Methodology
Subject of study
In this initial study, the experimental subject was one of the authors (NT), an experienced stone tool-maker with over 20 years background in ''flint knapping''. Patterns of brain activity observed in the subject were considered to represent those operative in one who has already learned the necessary skills for stone toolmaking, and to provide a valuable baseline for future comparisons with less skilled or novice tool-makers. As is the case with approximately 90% of modern humans, this subject is right-handed, a fact which can influence laterality of brain function.
Task conditions
Three different experimental conditions were imaged for this study. The first was a resting or control state. As a certain level of blood flow is occurring in the brain at all times, it is necessary to subtract this ''basal'' flow from that observed during a specific task. This is done in order to isolate the differential blood flow directly associated with that task. In keeping with this logic, it is desirable that the control or ''baseline'' state mimic the task state as closely as possible, excepting only those specific aspects of greatest experimental interest.
In this study, our greatest interest was in the possible cognitive aspects of the tool-making task. As an additional perspective on such cognitive aspects, it was considered useful to compare brain activation seen during task performance to that seen while simply imagining the task (with the control state subtracted from each). Thus, the three experimental conditions investigated were:
(1) Control (resting/baseline) state. This condition, representing the basal state of brain activity, consisted of the subject viewing a visual target (in this case, a spherical cobble) without any attempt to imagine or carry out knapping. This condition deliberately included visual stimulus so that any differences from the other two conditions would be limited to differential cognitive, motor, or somatosensory involvement. (2) Mental imagery. This experimental condition involved examining a partially reduced core and imagining a hammerstone striking it and removing flakes. The core was held in both hands by the subject. The subject deliberately avoided imagining himself wielding the hammerstone, in order to reduce recruitment of areas of the brain involved with motor control of the hands and arms but still retain involvement of cognitive planning areas. (3) Knapping. In this condition, the subject actually struck the core with the hammerstone in a manner to remove flakes. In practice, it was found that full force knapping caused too much motion in the head for accurate imaging; flaking was conducted at approximately one-half normal force in order to reduce vibration but still retain the gross motor and cognitive activities. During this experimentation, flakes were actually removed from the core.
Data collection
Task performance began 30 s before tracer injection and continued for 2 min. All images were collected using a Siemens 951/31R whole body PET scanner located at the Radiology Department of the Indiana University Medical Center in Indianapolis, Indiana. This machine has an intrinsic resolution of 6 mm Full Width Half Maximum (FWHM) and an in-plane axial resolution of 5 mm.
The subject fasted for 4 h prior to image collection, and was injected with a 50 millicurrie (mCi) bolus of radioactive 15 O water for each of nine separate trials (three control, three imagery and three knapping). This constituted the maximum recommended experimental dose of radiation for a 1-year period. The tracer was injected intravenously into the leg of the subject in order to avoid possible confounding stimulation and/or restriction of the motion of the subject's arms during the knapping task.
Task performance was initiated 30 s before tracer injection and continued for approximately 2 min following tracer injection. Annihilation photon data were collected from the time the task was initiated and continued for a period of 3 min. The PET data were collected using a dynamic imaging sequence consisting of 9 5 s frames, 5 15 s frames, and 2 30 s frames. During image collection, the subject was lying prone on the scanner bed and the gantry was inclined. An inflatable Dermafoam pillow and restraining strap were used in order to minimize head movement.
Image processing
The acquired data were reconstructed to an approximate 8 mm FWHM resolution using conventional filtered back projection and a Hanning smoothing filter. The temporal sequence of PET images was then integrated from the time of arrival of the tracer in the brain (defined as the point at which the influx of tracer reached 75% of the peak brain uptake level) over a period of 90 s.
Image analysis
Processed images were analysed using the University of Michigan Statistical Analysis for PET Activation Software, Version 3.0. Changes in regional cerebral blood flow (rCBF) associated with each task state were estimated from the difference between mean pixel counts in task versus control states (i.e. imagerycontrol and knapping-control). T-tests were performed for each individual pixel in order to determine the significance of these differences, and used to create z-map image subtractions. Image volumes for each task condition were linearly transformed in Talairach stereotactic space (Talairach & Tournoux, 1988) . For subsequent Region of Interest (ROI) analysis the z-image threshold was set at 4·0, so that only activation differing by four or more standard deviations from the control state was visible. ROIs were then created by using a computer to visually trace the outlines of the 17 most salient non-overlapping activation areas (eight for knapping-control, nine for imagery-control) in these z-images. The coordinates for the centre of each selected region (the centroid) as well as the total volume of the region and its mean z-value were then calculated. Anatomical locations were attributed to these centroid points using the Co-Planar Stereotaxic Atlas of the Human Brain developed by Talairach & Tornoux (1988) and double-checked visually by superimposing the PET images on an anatomical magnetic resonance image (MRI) of the subject.
MRI superposition
To enhance visual interpretation and presentation of the PET activation images, a whole brain proton density weighted magnetic resonance image (MRI) of the subject's head was collected in axial plane. This was co-registered with the PET images using an iterative procedure minimizing the least squared differences between MRI and PET images.
Results
The results of ROI analysis are presented in Tables 1 (knapping-control) and 2 (imagery-control). In each case, large volumes of highly significant activation were observed. For the most part, the same regions were active on both sides of the brain, although left hemisphere activity was greater in extent and intensity. Holding threshold significance level roughly equal, left hemisphere activity occupied volumes between 1·5 and 3·5 times that observed in the right hemisphere. This difference is almost certainly due to the preferential right-handedness of the subject and the laterality of the task (percussion was performed with the right hand, core manipulation with the left).
In the knapping-control subtraction (Table 1) , significant activation was observed in the superior parietal lobe (locations 1 and 2), the pre-and post-central gyri surrounding the central sulcus (locations 3 and 4), in left and right cerebellar hemispheres (locations 5 and 6) as well as the medially located cerebellar vermis (location 7) and the right fusiform gyrus of the inferior temporal lobe (location 8). Table 1 ), as the observed centroid was very close to the point of contact between this gyrus and cerebellum. The fusiform gyrus is generally considered to be a ''remote'' visual association region involved in the ventral ''object-identification'' visual processing pathway (as opposed to the dorsal ''location'' pathway).
A very similar pattern of activation was observed in the imagery-control subtraction (Table 2) , although the areas of significantly different blood flow were only about 25% the size of those seen in the knappingcontrol subtraction. Once again, superior parietal (locations 1 and 2), peri-central (location 5), fusiform (location 8) and cerebellar (location 9) activity were observed. In addition, significant activation occured in the anterior portion of the inferior parietal lobules (locations 3 and 4) and in the secondary visual cortex (locations 6 and 7: Brodmann area 19 of the occipital lobe) of both hemispheres.
The inferior parietal lobule is a phylogenetically recent and functionally heterogenous area (Roland, 1993) . Many researchers have placed Wernicke's language processing area within this region, which is more generally associated with the manipulation, integration and interpretation of a wide variety of sensory inputs. Inferior parietal lobe activity is illustrated in Figure 2 
Discussion
The most important achievement of this study is that it has developed a viable method for exploring the neuronal activity associated with stone tool technology. The high significance levels obtained with a single subject clearly show that this activity is accessible to the researcher using existing PET technology. Due to the known variability between individuals in patterns of task-related brain activation, the results of the single subject study reported here provide plausible hypotheses and predictions for further research rather than definitive conclusions at this time.
Keeping this in mind, it may be observed that the pattern of activation seen in the knapping-control subtraction is essentially that which would be expected for a complex motor task requiring hand-eye coordination and conducted in extra-personal space (that is, with reference to external objects and locations). Primary motor and somatosensory areas surrounding the central sulcus are very strongly activated (Figure  2(a) ). These areas may be characterized as relatively basic input/output structures and are fairly directly connected to peripheral sensory receptors and muscular effectors. Although these activation fields are concentrated around the central sulcus, it is likely that their anterior boundaries encompass portions of the secondary motor-planning regions of the frontal lobe.
The presence of cerebellar activity (Figure 2(b) ) is also as expected for a motor task. The cerebellum in general acts to indirectly regulate movement and posture by integrating internal (motor) and external (sensory) feedback (Kandel et al., 1991) . The cerebellum is also closely involved in motor learning. In the knapping-control, subtraction activity is seen in both hemispheres, which are involved in movements of the limbs, and in the central vermis, a phylogenetically ancient structure involved in regulating posture. Neither this cerebellar activity nor the previously discussed activity around the central sulcus provide evidence for the presence of a cognitive component in the manufacture of simple stone tools by an experienced knapper. Occipital lobe Figure 1 . Surface anatomy of the human brain, with cortical lobar divisions and primary motor and sensory areas indicated (after Gray, 1977; Kandel et al., 1991) .
A cognitive component is implied, however by the observed activity in the superior parietal lobes (Figure  2(a) ). The superior parietal lobe consists of what is referred to as ''multi-modal association cortex'' and is involved in the internal construction of a cohesive model of external space from diverse visual, tactile and proprioceptive input. Damage to the superior parietal lobe of the right hemisphere in particular tends to produce a characteristic disorder of spatial cognition known as ''unilateral neglect'' in which patients fail to recognize the existence of the entire left side of their spatial environment, despite unimpaired perception (Bradshaw & Mattingley, 1995) . Unlike the primary sensorimotor and cerebellar structures discussed above, the superior parietal cortex is closely involved in the cognitive processes of representation and attention. Its activation in the current study suggests that relatively sophisticated cognitive information processing can occur in association with simple flake production by an experienced modern human knapper. An interesting question for future research is whether less experienced or novice flint knappers might display even greater cognitive involvement related to the demands of skill learning as opposed to simple execution.
Patterns of differential activation similar to those discussed above were also seen in the imagery-control subtraction and are subject to similar interpretations. Although there was no active knapping in this taskcondition, it seems likely that activation of the primary motor cortex of the left precentral gyrus, as well as of the right hemisphere of the cerebellum, resulted from the fact that the subject was holding the core during the task. Superior parietal activity once again indicates ongoing spatial cognition, probably related to the internal representation of the objects and spaces involved in the imagined knapping task. Interestingly, this activation was less intense in the imagine-control subtraction, perhaps due to the absence of activityrelated changes in spatial locations and relationships of the core and hammerstone.
On the other hand, activity not present in the knapping-control subtraction was seen in visual processing areas as well as the inferior parietal. Brodmann area 19 of the occipital lobe is involved in secondary visual processing and has been characterized as an intermediate relay for the three major visual pathways (motion, form, colour) that originate in the primary visual cortex (Kandel et al., 1991) . It seems likely that the explicit emphasis placed on visual inspection of the core in this task state as compared to the active knapping task accounts for the differential activation of this secondary visual region.
Inferior parietal activation in the imagery-control subtraction is particularly interesting due to the sophisticated nature of the associative information processing which occurs in this general region (the parietooccipital-temporal junction) as well as to previous speculation regarding the region's evolutionary significance (e.g. Wilkins & Wakefield, 1995) . As has already been observed, this region is held to be phylogenetically recent, and perhaps even without a true homologue in non-human primates (Roland, 1993) . In some individuals, Wernike's ''grammatical'' language area may intrude upon the posterior-inferior parietal lobule, and left hemisphere parietal damage is often associated with language deficits (aphasia) (Kandel et al., 1991) . However, it should be noted that in the current study activation appears to be concentrated in the more anterior portion of the inferior parietal lobule, perhaps including the parietal operculum. The anterior inferior parietal lobule has been characterized as a bi-modal visual and somatosensory association area (Roland, 1993) , while more recent work has linked the parietal lobe in general with motor imagery (Crammond, 1997 and references therein). In the current study, differential inferior parietal lobe activation is most likely related to the somewhat artificial emphasis on visualization in the imagery task itself since such activation is absent in the more ''naturalistic'' active knapping task.
The results of this pilot study suggest that Mode I flake production might best be characterized as a complex sensorimotor task with a spatial-cognitive component. This represents a hypothesis to be tested by further multi-subject research. Based on current results, the a priori predictions which might be used to test this hypothesis include activation of the: (1) preand post-central gyri; (2) cerebellar hemispheres; and (3) superior parietal lobes. It is interesting to note that prefrontal activation was not observed in this study, but with a sample of 1 it would be premature to interpret this absence of evidence as evidence of absence. Similarly, although the study fails to provide any evidence of a distinct, shared neuroanatomical substrate for stone-tool manufacture and language (as possibility suggested by the work of Lieberman, 1985; Greenfield, 1991; Calvin, 1993; and others) , it cannot be viewed as falsification of such a hypothetical link.
Possible Evolutionary Significance
The research presented here has been aimed at establishing viable research methods and proposing testable hypotheses for the investigation of modern human brain activity during simple stone-tool production. Although this subject is interesting in itself, the ultimate objective of the research programme is to provide insight into human brain evolution. What can modern imaging studies tell us about the evolutionary past?
On the basis of the results obtained in this study, it is most reasonable to hypothesize that simple flake production by an experienced modern human knapper is a complex motor task with a strong spatial-cognitive component. This is indicated by robust patterns of activation in neocortical sensorimotor and association regions, as well as in the cerebellar hemispheres.
Of course it cannot be simply concluded that the same neuronal fields and populations activated by modern humans would necessarily have been recruited in pre-modern hominid knappers performing a similar task. However, it could be argued that the particular regions of observed activation were at least sufficient for the flint knapping task. In fact, the most parsimonious conclusion would be that the production of simple flakes by pre-modern knappers would have been mediated by these structures or by a smaller subset of them.
It follows that, if the cerebral demands associated with the habitual manufacture of simple (i.e. Oldowan or Mode I) stone tools actually did exert selective pressure on the early hominid brain, this pressure would most likely have acted directly on some or all of the structures recruited by modern humans, and only indirectly on other brain regions. Obviously, brain activation studies offer no direct evidence of the presence or absence of such selective pressure, but observed patterns of activation may nevertheless be used to test evolutionary hypotheses.
For example, it is interesting to note that the broad divisions of the brain recruited by an experienced modern knapper (neocortex and cerebellum) in the current study are exactly those that have undergone the greatest expansion in hominid evolution (Deacon, 1997) . The more particular recruitment of superior parietal association cortex is further suggestive, as the association cortex in general (i.e. prefrontal, parietooccipital-temporal and limbic; Kandel et al., 1991) is allometrically expanded in humans relative to the remainder of the neocortex (Passingham, 1975) . If these putative activation patterns are verified by further research, they will represent corroboration of the hypothesis that early stone tool technology played an important selective role in hominid brain evolution.
Summary and Conclusion
This exploratory investigation has demonstrated the effectiveness of Positron Emission Tomography (PET) in examining brain activity during Oldowan (Mode 1) stone tool-making. In addition, the results obtained have provided plausible and testable hypotheses for further research. These results include highly significant activation in areas of the brain associated with complex spatial cognition integrating different sensory inputs, such as vision, proprioception (sensing of body position and movement), and touch. Neuroanatomical regions of high activity included the superior parietal lobes (locations 1 and 2 in Table 1 ), primary motor and somatosensory regions surrounding the central sulcus (locations 3 and 4 in Table 1 ), and the cerebellum (locations 5 and 6 in Table 1 ). Observed superior parietal lobe activity suggests the presence of complex spatial cognition, while activation around the central sulcus reflects basic sensorimotor processing, and cerebellar activity represents the integration and control of motor activity. Further research with multiple subjects will be needed to test the validity of these putative activation patterns.
On the basis of current results, it is hypothesized that the habitual manufacture of early stone tools can call upon areas in the superior parietal lobe of the brain typically involved in the cognitive representation of the external world (here, the demands of the tool-making task), and the integration of multiple modes of sensory input. The hypothesized involvement of parietal association cortex in the making of simple stone tools suggests constructive mental processes going beyond simple direct perception and execution. Although we cannot assume that because particular regions are activated in a modern human that they would be required in a non-human or protohuman performing the same task, we may conclude that they are sufficient for the task. Further research should help to more fully resolve this relationship. Until this is accomplished, it remains interesting to note that those areas of the brain that have shown the greatest enlargement in hominid evolution, i.e. association cortex and cerebellum, are the same ones implicated in this exploratory study of stone tool-making.
The use of brain-imaging techniques opens new avenues of investigation for addressing a range of problems related to human evolution. Current research, incorporating multiple subjects, is addressing potential differences in brain activation during the acquisition of stone tool-making skills, between different modes of tool production (e.g. Oldowan, Acheulean, Levallois, or blade tools), and among preferentially right-handed versus left-handed tool-makers. These investigations will also make use of alternative procedures such as functional magnetic resonance imaging (fMRI) to improve spatial and temporal resolution, and employ slower-decaying isotopes in order to allow tasks to be performed outside the scanner. This research should provide a firmer empirical foundation for investigations of the relationship between cognitive and technological change in hominid evolution.
